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AN INTRIGUING VASCULAR CONSEQUENCE of chronic portal hypertension is a decreased ability of blood vessels to respond to vasoconstrictor stimuli. This finding has been attributed to postreceptor defect in vascular smooth muscle excitation contraction coupling (22) . Additional evidence supports the contention that prolonged elevation of cyclic nucleotide-dependent vasodilators leads to this impaired vasoconstrictor function inasmuch as vasoconstrictor effectiveness in portal hypertensive arteries can be restored by PKA inhibition (27) . However, the nature of the cellular mechanism is still not clear.
Recent studies have shown that two small heat-shock proteins (HSPs), namely HSP20 and HSP27, are involved in regulation of vascular smooth muscle contraction. Both are constitutively expressed in vascular smooth muscle (10) . In response to cyclic nucleotide, HSP20 is phosphorylated on residue Ser-16 (1) , which may induce dissociation of oligomer of this protein to dimer. HSP20 has been shown to be an actin-associated protein, which also depends on its phosphorylation status (6, 23) . Although considerable evidence supports the contention that HSP20 phosphorylation plays a regulatory role in smooth muscle contraction, the exact mechanism of this regulation remains unclear. Phosphorylaton of HSP27 is the result of activation of p38 MAP-kinase cascade downstream of PKC-␣ and/or activation of RhoA/Rho-kinase (14, 15, 26) . The phosphorylation of HSP27 has been shown to favor actin polymerization and promote smooth muscle contraction (21, 16) .
In this study, we examined the expression and phosphorylation profile of both HSP20 and HSP27 in mesenteric arterial smooth muscle during chronic portal hypertension. We show a PKA-dependent increase in HSP20 phosphorylation but a decrease in HSP20 protein level in portal hypertension. We suggest that phosphorylation of HSP20 by PKA may alter HSP20 turnover.
MATERIALS AND METHODS
Production of chronic prehepatic portal hypertension and vessels preparation. Portal hypertension was surgically produced as previously described by our lab (2, 3) . Eighty-two Sprague-Dawley rats (ϳ300 g) were anesthetized with isoflurane, and a midline abdominal incision was made. The common portal vein was dissected free of surrounding tissue, and a loose ligature of 3-0 silk suture was guided around it. A 20-gauge blunt-end needle was placed alongside the portal vein, and the suture was tied snugly around the portal vein and needle. The needle was subsequently removed to yield a calibrated stenosis of the portal vein. The abdominal contents were moved back in place, and the abdominal incision was closed in layers with suture and metal wound clips. Anesthesia was discontinued, the suture lines were treated with antibiotic ointment, and the animals were allowed to recover. A single dose of buprenorphrine (0.25 mg/kg) was given subcutaneously preoperatively to alleviate any postsurgical pain. The animals were returned to the vivarium, and portal hypertension was allowed to develop. Fourteen days postsurgery, the animals were ready for experimental use. All animal procedures were approved by the University of North Dakota Animal Care and Use Committee.
Rats were anesthetized with isoflurane and euthanized. A segment of mid-small intestine and adjacent mesentery was excised and placed in ice-cold physiological salt solution (PSS; in mM: 119 NaCl, 5 KCl, 2.5 CaCl 2, 1.2 MgSO4, 25 NaHCO3, 1.2 NaH2PO4, 0.027 EDTA, and 5.5 glucose, pH 7.4). Small mesenteric arteries (diameter ϳ250 m) were dissected free of surrounding tissue. Vessels were then frozen in liquid nitrogen for biochemical analysis with or without incubation in 50 M of the PKA inhibitor adenosine 3Ј,5Ј-cyclic monophosphothioate (Rp-cAMPS, Alexis Biochemicals) for 30 min.
Detection of HSP20 and HSP27 phosphorylation. The phosphorylation status of HSP20 and HSP27 (20) was determined by isoelectric focusing. Frozen tissues were thawed in a 10% TCA/10 mM DTT/ acetone slurry. Samples were then homogenized in 0.5 ml of 10% TCA/10 mM DTT/H 2O. After centrifugation (5,000 g for 5 min at 4°C), pellets were washed three times with 1 ml of 10 mM DTT in acetone for three times and air-dried for 30 min. Sample pellets were resuspended in 60 l urea sample buffer (8 M urea, 100 mM DTT, and 0.5% Triton X-100). Samples were shaken for complete protein solublization and then centrifuged at 12,000 g for 40 min. Supernatants were collected and stored at Ϫ70°C until use.
Fifty micrograms of each sample were loaded onto IEF gels (Bio-Rad, PI ranges from 3 to 8), and isoelectric focusing was conducted (600 volt hours). The gels were then transferred to PVDF membrane for 60 volt hours. The blots were dried and blocked with 3% BSA for 2 h and then probed with 1:500 anti-HSP20 (mouse anti-HSP20 from Biodesign or rabbit anti-HSP20 from Upstate) or 1:1,000 anti-HSP27 (rabbit anti-HSP25 antibody from Stressgen or mouse anti-HSP27 from Research Diagnostics) antibodies overnight at 4°C. The blots were probed with secondary antibodies conjugated with HRP for 2 h at room temperature, reacted with luminal reagent, exposed to film, scanned, and quantified.
Immunoblotting. Vessels were homogenized with a ground glass homogenizing tube in ice-cold lysis buffer (100 mM K 2HPO4, 1 mM phenylmethylsulfonyl, and 0.2% Triton X-100, pH 7.4) plus 1:100 protein inhibitor cocktail. Homogenates were centrifuged at 14,000 g from 20 min at 4°C, and supernatants were collected for protein concentration analysis. Twenty micrograms of proteins were loaded onto 12.5% polyacrylamide gels. After electrophoresis, proteins were transferred to polyvinylidene difluoride membrane and then blocked with 3% BSA for 1 h. The membranes were treated with 1:1,000 anti-HSP20 antibodies (mouse anti-HSP20 from Biodesign or rabbit anti-HSP20 from Upstate) or 1:1,000 anti-HSP27 (rabbit anti-HSP25 antibody from Stressgen or mouse anti-HSP27 from Research Diagnostics) antibodies overnight at 4°C. After the membranes were washed with TBS-T, the blots were probed with secondary antibodies conjugating with HRP for 2 h at room temperature, reacted with luminal reagent, exposed to film, scanned, and quantified.
HSP20 mRNA expression. Total RNA was isolated from mesenteric resistance arteries using TRIzol reagent (Invitrogen, Carlsbad, CA). First-strand cDNA was synthesized using Oligo(dT) [12] [13] [14] [15] [16] [17] [18] primer according to the instruction of SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen). The following primers were used in PCR: HSP20 (GeneBank accession no. NM_138887) forward primer, 5Ј-ATTTTTCTGTGCTGG-3Ј; HSP20 reverse primer, 5Ј-CAG-GAGACAGTGCAGAGG-3Ј; GAPDH forward primer, 5Ј-TCCCT-CAAGATTGTCAGCAA-3Ј; GAPDH reverse primer, 5Ј-AGATC-CACAACGGATACATT-3Ј. The expected sizes of the PCR products for HSP20 and GAPDH were 198 and 308 bp, respectively. Twentyeight cycles of PCR products were separated with electrophoresis in 2% agarose gel. The gels were then stained with ethidium bromide and photographed under ultraviolet light. Data were expressed as the ratio of HSP20 to GAPDH.
Statistical analysis. All data are expressed as means Ϯ SE. Comparisons between normal and portal hypertension were performed with an unpaired Student's t-test. Statistical significance of multiple treatments was determined by ANOVA and a Tukey's post hoc test. P Ͻ 0.05 was considered to be significant.
RESULTS
Protein levels and phosphorylation status of HSP20 and HSP27 in portal hypertension. Inasmuch as an impaired vasoconstrictor dysfunction in mesenteric arteries from portal hypertension and both HSP20 and HSP27 have been shown to be involved in smooth muscle contraction, we examined the protein levels of both HSP20 and HSP27 in resistance mesenteric arteries from portal hypertension by immunoblotting. We also detected their phosphorylation status by isoelectric focusing. We found both an increased diphosphorylated form of HSP20 and a decreased protein level of HSP20 in vessels from portal hypertension (Figs. 1A and 2A ), but no changes in protein level and phosphorylation status of HSP27 (Figs. 1B  and 2B) .
PKA inhibition restored both increased HSP20 phosphorylation and decreased HSP20 protein expression back to normal. Previous data (27) have shown that impaired vasoconstrictor function in chronic portal hypertension is a PKAdependent event. Therefore, we tested the hypothesis that changes in HSP20 protein levels and phosphorylation status in portal hypertension are mediated through the activation of PKA. Small mesenteric arteries were preincubated with the PKA inhibitor Rp-cAMPS (50 M for 30 min). We found that Rp-cAMPS returned both decreased HSP20 protein levels (Fig.  3 ) and increased diphosphorylated HSP20 (Fig. 4) in portal hypertension to normal. The response was specific in that Rp-cAMPS did not alter HSP20 level or phosphorylation in normal vessels.
mRNA level of HSP20 remained unchanged in portal hypertension. We examined the effects of PKA inhibition on HSP20 mRNA to determine whether the observed changes occurred at the transcriptional or posttranscriptional level. HSP20 mRNA expression as detected by RT-PCR was not changed in portal hypertension. Furthermore, PKA inhibition did not change HSP20 mRNA expression in either normal or portal hypertensive vessels (Fig. 5) .
DISCUSSION
Chronic portal hypertension is an end-state clinical symptom associated with cirrhosis and other diseases that elevate portal vascular resistance. The condition, when fully developed, is characterized by an elevated portal pressure and a hyperdynamic circulatory state with increased cardiac output and decreased peripheral vascular resistance (2, 3). Another in- Fig. 2 . HSP20 and HSP27 phosphorylation status in mesenteric resistance arteries was detected by isoelectric focusing. A and B: left shows the effects of portal hypertension on phosphorylation status of HSP20 and HSP27, respectively. Quantitative immunoblotting shows a significantly decreased unphosphorylated HSP20 level and a significantly increased diphosphorylated HSP20 in PHT (n ϭ 4), whereas phosphorylation status of HSP27 remains unchanged in PHT (n ϭ 4). Representative isoelectric focusing gels separating unphosphorylated (0-P) form from monophosphorylated (1-P) and diphosphorylated (2-P) forms are shown on the left of each graph. *P Ͻ 0.05 vs. NL. triguing vascular consequence of portal hypertension is impaired vasoconstrictor function. Previous findings (22) have shown that this vasoconstrictor dysfunction is due to a postreceptor defect. Additional evidence suggests that prolonged elevation of cyclic nucleotide-dependent vasodilators leads to this vasoconstrictor dysfunction, because PKA inhibition by Rp-cAMPS restores impaired vasoconstrictor function back to normal (27) . However, the nature of this PKA-dependent vasoconstrictor dysfunction is still not clear. The present study used the same concentration of Rp-cAMPS (50 M) that has previously been shown to restore vascular contractile function in portal hypertensive intestinal arterioles (27) .
Recently, two small HSPs, namely HSP20 and HSP27, have been shown to be involved in the regulation of vascular smooth muscle contraction. Both are actin-associated proteins (6, 16, 21, 23) constitutively expressed in smooth muscle (10) . To date, 10 small HSPs have been identified in mammals, with molecular weights in the range of 12-43 kDa (18) . All of these proteins contain a highly conserved ␣-crystallin domain of 80 -100 residues located, as a rule, in the COOH-terminal portion of these proteins and a poorly conserved NH 2 -terminal region, the WDPF domain (4, 13) . Small HSPs tend to form large oligomeric complexes, either homooligomers composed of same small HSPs or heterooligomers composed of different small HSPs, and these oligomeric complexes are important in their molecular chaperone function (11, 12, 17) .
It is interesting that HSP20 contains a cAMP/cGMP-dependent protein kinase consensus phosphorylation site (RRAS) (10) . In response to cyclic nucleotide-induced vasorelaxation, HSP20 is phosphorylated at Ser-16 (1), which may trigger the dissociation of oligomers into dimers. As expected, in this study, phosphorylation of HSP20, especially diphosphorylated HSP20, was increased in the portal hypertensive state (Fig.  2A) . These events appear to be mediated by cAMP-dependent pathways in that PKA inhibition restored increased diphosphorylated HSP20 back to normal values (Fig. 4) . These results are consistent with short-term experiments that indicate diphosporylated HSP20 is PKA dependent (1) .
Several hypotheses have been proposed to explain how HSP20 regulates vascular smooth muscle contraction (5, 23) . Most of these hypotheses focus on the regulation of HSP20 phosphorylation. However, the exact mechanism of HSP20 in regulation of smooth muscle contraction is still unclear. In this study, we found that in the chronic portal hypertensive condition, HSP20 protein levels were significantly reduced (Fig.  1A) . Most importantly, this decreased HSP20 protein level was restored by PKA inhibitor Rp-cAMPS (Fig. 3) . This result is consistent with others finding that HSP20 protein level was decreased by prolonged treatment of cardiac myocyte with ␤-adrenergic agonist (8) , which also increases the cytosolic cAMP level. This observation coupled with the fact that Rp-cAMPS restored vasoconstrictor function in chronic portal hypertension leads us to suggest that reduced HSP20 levels may be primarily responsible for the loss of vascular function.
Because PKA regulates the expression of a variety of proteins at the transcriptional level by phosphorylating different transcription factors (7, 9, 24) , we wanted to know whether decreased HSP20 expression is regulated by PKA at the transcriptional level. Therefore, we detected HSP20 mRNA expression in mesenteric resistance arteries from both normal and portal hypertensive rats with or without PKA inhibition. We found no changes in HSP20 mRNA expression in portal hypertension (Fig. 5) . Inhibition of PKA did not change HSP20 mRNA level in either normal or portal hypertensive vessels (Fig. 5) . Inasmuch as mRNA levels were not changed in portal hypertensive vessels, we interpret our results to indicate that PKA regulates HSP20 expression at posttranscriptional levels. Because PKA induced both increased HSP20 phosphorylation and decreased HSP20 protein levels, we further suggest that the phosphorylation of HSP20 may trigger the turnover of HSP20.
The exact mechanism whereby decreased HSP20 expression is involved in cyclic nucleotide-induced vasorelaxation still remains unclear. However, recent studies have shown that the oligomeric state of small HSPs is important in facilitating protein folding, and that phosphorylation may trigger the dissociation of oligomers to dimers, which lose their chaperone ability (11, 12, 17) . This is consistent with our idea that phosphorylation of HSP20 may promote its turnover. As the most concentrated protein in cells, actin folding may be critical to the actin polymerization process, an essential step in the regulation of smooth muscle contraction (19, 25) . We hypothesize that the turnover of HSP20 is triggered by its phosphorylation, which reduces the actin polymerization and decreases the contractile function of vascular smooth muscle.
In summary, the present study is the first to demonstrate both an increased HSP20 phosphorylation and decreased HSP20 proteins level in small mesenteric arteries from portal hypertensive animals. Phosphorylation and functional protein concentration would be restored by PKA inhibition. However, PKA inhibition did not change HSP20 mRNA expression, nor did the portal hypertensive state. We conclude that decreased HSP20 protein level in portal hypertension is PKA dependent and that decreased HSP20 expression may partially explain the impaired vasoconstrictor function in portal hypertension. We also suggest that phosphorylation of HSP20 by PKA may alter HSP20 turnover. Future studies aimed at further examining the dynamics of HSP regulation of vascular smooth muscle contraction in chronic portal hypertensive conditions are warranted.
